Abstract: Lower Cretaceous and Triassic-Hettangian clays from the Algarve Basin (South Portugal) were deposited in distinct environments during basin subsidence due to Pangea break up. The mineralogy, geochemistry and granulometry of 45 samples of both clay groups were studied, using X-ray diffraction, instrumental neutron activation analysis, X-ray fluorescence and laser diffractometry by attenuation of X-rays. Multivariate statistical techniques (principal component analysis and K-means clustering), after scandium normalization of chemical contents, were used to study simultaneously all data, enabling to distinguish the different clay types by establishing the best discriminatory parameters: high contents (in decreased order) of kaolinite, quartz, Chemical Index of Alteration (CIA), Ti, goethite, Hf, Si, > 63 μm fraction and Zr, characterize the group of clays from Cretaceous; while high contents of hematite, Mg, mobile elements (K, Cs and P), illite, Ca, phyllosilicates in general, Mn and dolomite, are associated to Triassic-Hettangian clays. This approach revealed useful to facilitate the integration of all data, as was possible to confront the geochemistry with the mineralogy, enabling the best palaeoenvironmental interpretations. In fact, the clay mineral assemblage is significantly influenced by the dominant weathering process and provides information on changes in aridity/humidity patterns.
INTRODUCTION
The Algarve sedimentary basin (South Portugal) (Fig.  (1) ) stands over a Carboniferous low-grade metamorphic basement [1] .
Lower Triassic to Upper Cretaceous deposition was controlled by extensional tectonics associated with the breakup of Pangea and development of the Neo-Tethys [2] .
Sedimentary environments evolved from continental in the Triassic (red terrigenous siliciclastics) through confined littoral and evaporitic in Triassic-Hettangian to Sinemurian (red shales, dolomites and evaporites), to open marine in Early Pliensbachian (limestones, dolomites and marls) [3] . The rifting phase was manifested by a tholeiitic volcanic event at the Hettangian-Sinemurian transition [4] . During Lower Cretaceous the sedimentation was essentially marine, but was characterized by important facies variations, triggered by more or less pronounced sea-level fluctuations. Intense tectonic movements were responsible for some episodes of siliciclastic fluvial discharges [3] .
The main clay-rich units from the basin have been characterized in several works [5] [6] [7] [8] [9] [10] . They are illitic clays, exploited through time as common clays to the red ceramic industry up to our days.
The best clay resources are the siliciclastic continental units from Lower Cretaceous, and also the unit of shales, dolomites and evaporites from the Upper Triassic-*Address correspondence to this author at the Instituto Tecnológico e Nuclear. EN Considering these two types of clays formed under different palaeoenvironmental conditions, the aim of this work is to explore a multivariate solution for geochemical and mineralogical data together, in order to put in evidence those differences and the variables that have greater contribution to their differentiation. The inclusion of the mineral data facilitates the palaeoenvironmental interpretation of the geochemical differences, like the illite/kaolinite ratio related with aridity/humidity changes during the weathering of source rocks.
MATERIALS AND METHODS
Twenty-four samples of Cretaceous clays and 21 samples of Triassic-Hettangian clays were used in this study. X-ray fluorescence (XRF) enabled to obtain major elements concentrations as wt% oxides (SiO 2 , Al 2 O 3 , Fe 2 O 3 t, MnO, MgO, CaO, Na 2 O, K 2 O, TiO 2 , P 2 O 5 ), using fused powder sample with a Li-rich compound and analysed with a Philips PW 1410/00 spectrometer, with CrK radiation.
Instrumental neutron activation analysis (INAA) was performed at the Portuguese Research Reactor (RPI) allowing to obtain the concentrations of the following trace elements: Sc, Cr, Co, Zn, Ga, As, Br, Rb, Zr, Sb, Cs, Ba, Hf, Ta, W, Th, U, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu. Powdered samples and standard reference materials (GSD-9 and GSS-1 from the Institute of Geophysical and Geochemical Explora-tion) were irradiated for six hours, using a thermal flux of 3.589 10 12 n cm -2 s -1 , th / fast = 14.14, epi / th = 1.4, and then the -spectra was recorded by a high-resolution Ge detector. More details of the INAA method at RPI can be consulted in the literature [11] .
The study of non-clay and clay minerals was performed by X-ray diffraction (XRD) on both bulk rock and < 2 μm fraction, respectively. A Phillips X'Pert Pro diffractometer with a PW 3050/6x goniometer and CuK radiation, operating at 45 kV and 40 mA, was used.
Clay-sized fraction (< 2 μm) was obtained after decarbonation of calcareous clays, washing with distilled water, centrifugation, sand fraction (> 63 μm) separation by wet sieving and sedimentation according to Stoke's law. Oriented slides were prepared by pipetting the clay+silt suspension on a glass slide. Clay minerals were studied on oriented preparations that were air-dried, ethylene-glycol solvated, heated to 550°C or after subjected to other treatments if necessary.
Semiquantitative estimates of the minerals were achieved by measuring the diagnostic peak areas, considering the full width at half maximum (FWHM), and then weighted by empirically estimated factors [12] [13] [14] [15] . The total proportion of clay minerals was estimated taking into account the peak area of the main reflection of phyllosilicates (d = 4.48 Å) in non-oriented preparations, and then the percentages of the various clay minerals were obtained through their diagnostic basal reflections in the glycolated diffractograms.
Granulometry was determined in two steps. Firstly, the sand fraction was obtained by wet sieving and then the particle-size distribution of the silt+clay suspension was measured by laser diffractometry by attenuation of X-rays, using a Micrometrics Sedigraph 5100.
RESULTS
The grain size distribution was studied using Shepard's classification [16] that considers the distribution of sediments in three classes: < 2 μm, 2-63 μm and > 63 μm. In general, the materials correspond to silty clays or clayey silts; however, silty clays predominate in Triassic-Hettangian samples, while Cretaceous samples more often correspond to clayey silts or other coarser sediments (sand silt clays and sandy silts).
Estimates of mineral abundances are presented in Table  1 . For comparison of the two clay groups are also shown pie diagrams (Fig. (2) ) with the average mineralogical composition of the bulk rock and of the clay-sized fraction.
Triassic-Hettangian clays are compositionally more variable than Cretaceous clays, being predominantly formed by phyllosilicates and having quartz, carbonates (mainly dolomite), feldspars, hematite, anatase and anhydrite as accessory minerals. Illite is the main clay mineral and sometimes the only one; smectite and iron-rich chlorites are accessory phases in several samples, and kaolinite is rarely present. Mg-rich minerals (smectite, corrensite, sepiolite, chlorite) were also observed in few samples.
In Cretaceous clays quartz is more abundant than phyllosilicates. Accessory minerals include goethite, alkali feldspar, Ti-oxides (anatase and rutile) and, occasionally, calcite. The clay fraction is mainly formed of illite, but kaolinte is also very abundant (> 30 %). Other clay minerals present in minor quantities are vermiculite, chlorite and smectite. The main differences between samples are quartz/phyllosilicate and illite/kaolinite ratios. Tables 2 and 3 . In addition, some specific chemical parameters are available, namely the Chemical Index of Alteration (CIA) [17] , the total rare earth elements content (REE), the europium anomaly (Eu/Eu*), the cerium anomaly (Ce/Ce*) and the chondrite-normalized La/Yb ratio, representing the fractionation between light and heavy rare earths.
Chemical composition of the Algarve clays is given in
The chemistry of the clays is dominated by Si and Al. Cretaceous clays are richer in Si, but have very low Ca and Mg contents, whereas in Triassic-Hettangian clays these elements can be abundant (> 10 %) and they are richer in K. Ca and Mg are associated with carbonates, justifying the higher loss on ignition (LOI) values. Cretaceous clays have Table 1. higher CIA values than Triassic-Hettangian clays (82 % and 57 %, respectively).
Incompatible/compatible element ratios (La/Sc, Th/Cr, Th/Sc and Zr/Sc) show that clayey materials resulted from weathering of continental crust; however we observed felsic/mafic compositional variations in the source area of the more olden clays. In addition, clays resulted from intense recycling and mixture of sediments and sedimentary calibration, with enrichment of coarser fractions in heavy minerals such as zircon. Chondrite-normalized rare earths' patterns are typical of upper continental crust, characterized by fractionation between light and heavy rare earths and by a negative europium anomaly.
DISCUSSION

Multivariate Analysis
Multivariate statistical analysis was employed using the Statistica program [18] , in order to characterize and differentiate possible clay groups. Principal component analysis (PCA) and K-means clustering were performed after Sc (conservative element) normalization of chemical contents. This procedure allow to compensate for the influence of natural processes, such as grain-size distribution and mineralogy effects on trace element concentrations, thus diminishing erroneous interpretation of clays characterization and differentiation [19] . In the chemometric analysis the whole data set (mineralogical, geochemical and granulometric data) was used, resulting in one matrix of 54 variables 45 cases. The preprocessing used was autoscale, which involves mean centering and variance scaling of the data.
The loadings and scores provided by PCA are shown in Fig. (3) . The first two components supply more than 40 % (PC1 = 26.3 %; PC2 = 15.6 %) of the information, being the first principal component (PC1) the main responsible for the separation between the Triassic-Hettangian clays and the Cretaceous clays, the first one projecting along the positive side (PC1+) and the second one along the negative side (PC1-). The most contributing components to the definition of this component are, in decreased order of importance: Mg, Ca, hematite, K, Eu/Eu*, illite, dolomite, phyllosilicates, Cs and P (PC1+); and quartz, CIA, kaolinite, Ti, Hf, Si, Zr, Sb, W and > 63 m (PC1-). Also PC2 enable to distinguish the two types of clays; Triassic-Hettangian clays are majority located in the positive side of PC2, defined mainly by Rb, Th, Al, REE, Ta, P, Cs and K, whereas Cretaceous clays tend to be sited in the negative side of PC2. The two clays Tor1 and VlB1 from Triassic-Hettangian age have a very different composition of the remaining and can be considered as outliers. In fact, they present much higher dolomite, smectite and Sc contents (not seen due to Sc-normalization of chemical contents; see Table 2 ) and the absence of europium anomaly (Eu/Eu* values near the unit). These two samples resulted from chemical weathering of more mafic sources [9] .
Other components account for small variations in the composition of both clay groups, although they have no role in their differentiation.
Considering that the Triassic-Hettangian clays and the Cretaceous clays define two independent groups, even including the two outlier samples, as seen from PCA, we can Table 1. use K-means clustering, another unsupervised method, to produce exactly two different clusters of greatest possible distinction, and examine the means for each cluster on each dimension to assess how distinct our groups are and which variables contribute more for that distinction, validating the conclusions obtained before. The magnitude of the F values from the analysis of variance (between and within clusters) performed on each variable is indicative of how well the respective variable discriminates between clusters. Taking into account the F values we can order the variables by decrease of importance in defining the two clusters, according to Table 4 .
The elements, minerals and granulometric classes presented in the previous table are the best discriminator parameters or fingerprints that enable the best differentiation between Triassic-Hettangian and Cretaceous clays. The underlined components (hematite, Mg, P, K, Cs, illite, Ca, phyllosilicates, Mn and dolomite) are higher in the TriassicHettangian clays, whereas high contents of the not underlined ones (kaolinite, quartz, CIA, Ti, goethite, Hf, Si, > 63 m, Zr, Sb, Rt) characterize the Cretaceous clays.
Palaeoenvironmental Interpretation
Some palaeoenvironmental considerations arise from the tracers obtained by multivariate analysis, which enabled a complete distinction of the clays.
Triassic-Hettangian clays have high contents of Mg and Ca that are mainly present in dolomite, related with the evaporitic conditions prevailing during deposition in the incipient basin. From Triassic to Lower Jurassic, the early Fig. (4) . Plot of means for each cluster on K-means clustering. Mineral abbreviations are according to Table 1. breaking up of Pangea was accompanied by increased onshore humidity as seaways opened into the pangean interior with the installation of epicontinental seas [20] characterized by periods of sea incursion altering with long dry ones, where high evaporation rates dominated.
The presence of smectite, sepiolite and corrensite (See Table 1 ) corroborate this interpretation [9] . Clay minerals associations, composed of marine Mg-rich minerals and detrital minerals, are in accordance with those formed in epicontinental regions of Western Europe [21, 22] .
The presence of hematite indicates warm temperate to tropical areas, because it primarily occurs in well-drained areas and its formation is favored by warm dry conditions and small amounts of organic matter.
Phyllosilicates are more abundant in the TriassicHettangian clays due to the predominance of tiny granulometry with high proportion of the < 2 μm particle size, in average. Illite is the main clay mineral and has been interpreted as detrital, resulting from erosion of Carboniferous strata (slates and greywackes) without important chemical alteration of the inherited products [7] . Physical weathering as the main process to clays formation is also suggested by the low CIA values that characterize these samples, pointing to the prevailing of aridity conditions. Mobile elements (K, Cs and P), probably associated with illite, are also very abundant and enable a good distinction between these clays and the Cretaceous ones. The enrichment in these elements indicates that these aged clays probably suffered post-depositional potassium metassomatism.
Cretaceous clays have high kaolinite, quartz and CIA contents. The granulometry is variable, but in general is coarser than in Triassic-Hettangian clays, with high proportion of sand fraction. This explains the high contents of Si, Zr and Hf (usually present as heavy minerals such as zircon) and Ti (in titanium oxides, such as rutile and anatase).
High quartz/phyllosilicate ratios, sometimes above the unit in several samples, confirm their siliciclastic character. In fact, these sediments resulted from fluvial discharges during Late Berriasian and Barremian, due to the tectonic instability associated to compressive movements.
The abundance of kaolinite is related with the high chemical weathering of felsic source rocks, as show the high CIA values. It is interpreted as to reflect episodes of enhanced humidity and high meteoric flow-through, which enabled leaching of most cations from the Paleozoic source area rocks, forming residual kaolinite.
Goethite is the typical iron oxide present in these units. Despite it can be formed under a broad range of climatic and hydrological conditions, a cool temperature and the presence of comparatively large amounts of organic matter, tend to favour goethite formation.
The typical association illite+kaolinite+goethite of these clays have been interpreted as a siderolithic facies related with erosion and transport of laterites under tropical climates; however, illite still prevails over kaolinite, suggesting hydrolysis was not extreme.
CONCLUSIONS
A detailed and independent geochemical and mineralogical study, mainly of the clay minerals associations, is indispensable to a valuable palaeoenvironmental interpretation of the depositional environment of the different clays. However, the illustrated example shows how multivariate analysis, namely PCA and K-means clustering, is helpful when exist varied and large amount of data and how the simultaneous analysis of geochemical, mineralogical and granulometric data enable the definition of the best discriminatory parameters, which can be used to emphasize some distinct palaeoenvironmental aspects between Triassic-Hettangian and Cretaceous clays.
The evaporitic transitional environment prevailing during deposition of Triassic-Hettangian clays is mainly evident by high contents of Mg, dolomite and hematite. Aridity conditions promoted physical weathering and formation of abundant illite. These Triassic clays were strongly transformed after deposition with incorporation of highly mobile elements (K, Cs and P).
The continental (fluvial) environment of deposition of Cretaceous clays is shown by high contents of kaolinite, which indicate proximity of clays with the source area and formation under conditions of humidity. High chemical al- 
